Introduction
Body mass index (BMI) and waist circumference have been used to assess obesity, but these measurements contain little information about the anatomic location of stored excess fat.
Regional fat depots may confer differential cardiovascular disease (CVD) risk, with visceral adipose tissue (VAT) volume more pathogenic than subcutaneous adipose tissue (SAT) volume (1) . A large body of work has shown that VAT is associated with increased insulin resistance, type 2 diabetes, metabolic syndrome and the atherogenic lipoprotein profile (2-7).
In addition to fat volume, previous studies have focused on aspects of fat quality, including cellular characteristics biopsied invasively (8) (9) (10) (11) (12) (13) (14) . Fat quality may be an important metric to characterize adipose tissue with respect to cardiovascular and metabolic risk, but can be difficult to capture in free-living populations. We have previously shown that fat quality can be indirectly estimated using the density of adipose tissue as measured radiographically on computed topography (CT) with Hounsfield Units (HU) (15) . Small experimental studies in the Yeoh-7 setting of brown adipose tissue suggest that fat attenuation on computed tomography may reflect extracellular matrix (ECM) remodeling with high HU associated with increased metabolic activity and low HU associated with more lipid dense adipocytes (16;17) . SAT fibrosis may be reflected by a relatively high density of fat tissue, and thus estimated by the higher HU (15) . We hypothesized that when SAT becomes fibrotic, the adipocytes cannot expand in times of calorie excess, forcing excess calories to be stored in VAT, which may be metabolically maladaptive.
This shift in fat stores of the body from subcutaneous to visceral depots may be reflected by a high VAT/SAT ratio. The VAT/SAT ratio has been associated with CVD and metabolic risk, beyond BMI or VAT alone (2;3;5;18;19) . Thus, the goal of our study was to 1) examine whether increases in SAT density were associated with a propensity to store fat viscerally vs.
subcutaneously and 2), to test whether high fat density and a high VAT/SAT ratio are jointly associated with an increased burden of CVD risk factors.
Methods

Study Sample
All participants for this study were drawn from the Framingham Heart Study. The
Original cohort and their spouses were enrolled in 1948, and their children were enrolled as the Offspring cohort in 1971 and finally the Third Generation cohort was enrolled in 2002 (20) (21) (22) .
Data for this current project was collected from the Offspring cohort and the Third Generation cohort enrolled in a multidetector computed tomography (MDCT) sub-study (23) . The MDCT subcohort contains primarily individuals residing in the United States New England area.
Participants were eligible if they were female (>40 years of age), male (>35 years of age), had a body weight of <160 kg and were not pregnant. Between 2002 and 2005, a total of 3,539 participants (1,422 from Offspring cohort and 2,117 from the Third Generation cohort) underwent CT scans of the abdomen. Of these 3539 participants, 3394 had acceptable quality CT data. Participants with missing outcomes (VAT and SAT volumes and HU) or missing covariates were excluded, resulting in a final sample size of 3212 (48% women). Informed consent was required for each participant and this study met the terms of the Declaration of Helsinki and was authorized by the Institutional Review Board of the Boston University Medical Center.
CT Measurements
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Participants underwent supine eight-slice MDCT scans of the abdomen for SAT, VAT and other adipose tissue depots resulting in 25 contiguous 5-mm slices. SAT and VAT volumes were manually outlined by drawing the line of the abdominal muscular wall separating these two depots. Fat depots were designated for the area with an HU measurement between -195 and -45 HU. This technique demonstrates highly reproducible inter-reader and intra-reader correlations (0.997 for SAT and 0.992 for VAT) (24) . Further work evaluated the variability within each depot using 1 cm 2 traces from 12 anatomically distinct regions in three slices per individual from 25 randomly selected participants. The average standard deviation for SAT and VAT was 7.6 HU and 5.5 HU respectively, suggesting only modest variability of HU measurements within each depot (15) . (25) .
CVD Risk Factor Assessment
Covariates
Questions administered by examining physicians were used to assess smoking and alcohol intake status. Current smokers were defined as individuals that had smoked at least one cigarette per day for the last year. Alcohol intake was dichotomized based on the criteria for men (>14 drinks/week) and women (>7 drinks/week). Physical activity score was determined
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from a questionnaire that assessed daily activity levels and average number of hours slept.
Women were classified whether they received hormone replacement therapy (HRT).
Statistical Analysis
Fat density and VAT/SAT ratio were selected as the primary exposures in this study.
SAT HU was dichotomized at the median value (cutoff value of -103.5 in women and -100.3 in men). The VAT/SAT ratio outcome was dichotomized at the median value (cutoff value of 0.3946 in women and 0.838 in men). SAT HU, an indirect marker of tissue density, was renamed for our analysis as either high or low density, and the VAT/SAT ratio was simplified to high or low ratio.
Four groups were created from our dichotomized primary exposure and outcome: 1)
high density/high ratio (ie high SAT density with a high propensity to store fat viscerally), 2) high density/low ratio (high SAT density with a low propensity to store fat viscerally), 3) low density/high ratio (low SAT density with a high propensity to store fat viscerally) and 4) low density/low ratio (low SAT density with a low propensity to store fat viscerally). We hypothesized a priori that the high density/high ratio group would have the most adverse CVD risk factor profile. For comparative clinical analyses between groups, we designated the low density/low ratio group as our metabolically healthy, referent group. Because of the known sexual dimorphism for in fat distribution, all models were stratified by sex.
The VAT/SAT ratio was log transformed as necessary to produce a more normal distribution. We first computed age-adjusted correlations between the log of the VAT/SAT ratio and CVD risk factors. Next, multivariable logistic regression was used to test the association between SAT density (high versus low) and VAT/SAT ratio (high versus low). Finally, multivariable-adjusted logistic and linear regression models were used to test the association of each group compared with the referent group and CVD risk outcomes. Model 1 adjusted for age, sex, alcohol use, smoking status, physical activity, and hormone replacement therapy (women). Model 2 additionally adjusted for SAT volume (continuous).
Results
Study Sample Characteristics
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Clinical characteristics of the 3212 study participants are presented in Table 1, stratified by the four groups. In women, mean BMI ranged from 24.7 kg/m 2 in the high density/low ratio group up to 28.4 kg/m 2 in the low density/high ratio group. A similar pattern was seen for mean absolute SAT volume with a range of 2472 cm 3 to 3908 cm 3 in the high density/low ratio and low density/low ratio groups, respectively. In men, BMI and SAT followed the same pattern. In general, participants with high density/high ratio or low density/high ratio had the most adverse levels of CVD risk factors.
As the VAT/SAT ratio increased, so did CVD risk factors in both women and men with an r value ranging from 0.01 to 0.49 in women and 0.07 to 0.38 in men ( Table 2) .
Association between SAT density and the VAT/SAT ratio
After adjusting for age, there was an association in men between subcutaneous HU and VAT/SAT ratio (r = 0.17, p < 0.0001). In women, however, this correlation was not significant (r = 0.04, p ≥0.05).
We next utilized multivariable logistic regression to predict high VAT/SAT ratio from dichotomous SAT density. In men, high SAT density was associated with high VAT/SAT ratio (OR: 1.83; 95% CI: 1.49, 2.24; p < 0.0001). Results were similar after adjustment for BMI (OR:
1.70; 95% CI: 1.37, 2.09; p < 0.0001). In contrast, in women, we found that high SAT density was not associated with high VAT/SAT ratio (OR: 0.89; 95% CI: 0.72, 1.11; p = 0.31), even after adjustment for BMI (OR: 0.96; 95% CI: 0.77, 1.21; p = 0.74).
Clinical Risk Factors by SAT Density and VAT/SAT Ratio Grouping
As hypothesized, for both women and men, the high density/high ratio group had the most adverse CVD risk factors compared with the referent group. For example, in women, the high density/high ratio group had an increased odds of hypertension (OR: 1.6; 95% CI: 1.1-2.4; p = 0.009, Table 3 ), diabetes (OR: 6.7; 95% CI: 2.6-17.6; p = 0.0001, Table 3 ) and fasting glucose (4.8 mg; 95% CI: 2.2-7.4; p = 0.0004, Table 4 ). When we further adjusted our models for absolute SAT volume, results were generally stronger. For example, the high density/high ratio group had an increased odds ratio hypertension (OR: 2.5; 95% CI: 1.7-3.7; p < 0.0001, Finally, when multivariable models were additionally adjusted for absolute VAT volume in addition to absolute SAT volume, most findings were attenuated. Notably, there was an exception with diabetes in women in the high density/high ratio group compared with the referent group (OR: 3.5; 95% CI: 1.1-10.4; p = 0.03) and men (OR: 2.7; 95% CI: 1.3-5.5; p 0.008; data not shown).
Discussion
Principal Findings
Our principal findings are three-fold. First, high SAT density was associated with high VAT/SAT ratio in men, but not women. Second, the high density/high ratio group was associated with the most adverse CVD risk factor levels in women and men. Finally, these results were generally strengthened after adjustment for absolute SAT volume. Taken together, these findings suggest that increased SAT density along with a high VAT/SAT ratio is associated with a heavy burden of CVD risk factors.
Yeoh-12
In Thus, increasing hypoxia, inflammation, fibrosis and fibrosis-driven remodeling may drive a reduction in SAT storage capacity.
In the present study, we used high SAT density as a marker of increased adipose tissue fibrosis. We hypothesized that as SAT becomes increasingly fibrotic, adipocytes cannot expand in times of caloric excess, causing fat spillover into the ectopic VAT depot. It is now well established that an excess of VAT in obese and non-obese individuals is associated with increased cardiovascular and metabolic abnormalities (38) (39) (40) (41) . A small number of studies have reported an association between VAT/SAT ratio and CVD risk factors, with increasing VAT/SAT ratio associated with increasing CVD risk (2;3;5;18;19). We now expand the literature by
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demonstrating an association between SAT density and the VAT/SAT ratio, and that jointly, those with high density and a high ratio carry a high burden of CVD risk factors. In particular, our results for diabetes are notable, even after we statistically adjusted for variation across the four categories in SAT and VAT. This may be consistent with a mechanism of increased adipose tissue fibrosis leading to diabetes. In mouse models, overexpression of HIF1α initiated adipose tissue fibrosis and insulin resistance (33) . Moreover, mice lacking collagen VI, the major collagen form seen in adipose tissue fibrosis, exhibit increased insulin sensitivity, suggesting the importance of fibrosis in determining insulin resistance (35;36) . Furthermore, the VAT/SAT ratio was positively associated with fasting glucose in a group of adults and with hepatic insulin resistance in a group of men with type 2 diabetes (whereas VAT or SAT alone were not) (2;3). Thus, this work improves the framework with which to interpret abdominal CT scan data as it relates to CVD risk factors.
Implications for Future Work
Our findings suggest that cellular characteristics of adipose tissue, indirectly measured using fat density, may be an important mechanism contributing to relative fat deposition and concomitant metabolic risk. While our data suggests an association between SAT density and VAT/SAT ratio, the mechanism linking these two measurements remains uncertain.
Furthermore, it is not clear why individuals with high density and high VAT/SAT ratio have the most adverse CVD risk factor profile. These questions warrant further investigation, particularly in studies that correlate adipose tissue imaging with invasive biopsy of adipose tissue and subsequent histologic and biochemical work to elucidate the underlying mechanisms of adipose tissue remodeling.
Strengths and Limitations
Strengths of our study include a highly specific and reproducible CT-derived assessment of fat volume and quantity. In addition, we made use of the large, well-defined Framingham Heart Study cohort that undergoes regular examinations and provides high quality biochemical and clinical data. Some limitations of this study include the cross-sectional design, which limits inferences of temporality. Moreover, the observational nature of the data limits causality to be concluded from our results. Our cohort is primarily non-Hispanic White, which may limit the Yeoh-14 generalizability of our findings. Finally, the underlying biological mechanism of fat density is not well defined; therefore further laboratory studies are needed.
Conclusion
Increased subcutaneous adipose tissue fat density is associated with an increased propensity to store excess fat viscerally rather than subcutaneously, resulting in an increased VAT/SAT ratio. High SAT density and high VAT/SAT ratio are jointly characterized by an increased burden of CVD risk factors. *In women, high SAT HU was defined at a cutoff value above -103.6 and high VAT/SAT ratio was defined at a cutoff value of 0.395. In men, the high SAT HU cutoff value was -100.3 and the high VAT/SAT ratio cutoff value was 0.839. Yeoh-23 
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